Swidden fallow management to increase landscape-level Brazil nut productivity. by BONGIOLO, E. S. et al.
Contents lists available at ScienceDirect
Forest Ecology and Management
journal homepage: www.elsevier.com/locate/foreco
Swidden fallow management to increase landscape-level Brazil nut
productivity
Eduardo S. Bongioloa,⁎, Karen A. Kainera,b, Wendell Croppera, Christina L. Staudhammerc,
Lúcia Helena de Oliveira Wadtd
aUniversity of Florida, School of Forest Resources and Conservation, Gainesville, FL 32611-0410, USA
bUniversity of Florida, Center for Latin American Studies, Gainesville, FL 32611-0410, USA
cUniversity of Alabama, Department of Biological Sciences, Tuscaloosa, AL 35487, USA
d Centro de Pesquisa Agroflorestal de Rondônia (Embrapa Rondônia), BR 364, km 5,5, Caixa Postal 127, CEP 76815-800 Porto Velho, Rondônia, Brazil
A B S T R A C T
Brazil nut (Bertholletia excelsa Bonpl.) is considered the cornerstone non-timber species of Amazonian conservation. Nuts (or seeds) of this massive tree are harvested
by local people living in and near old growth forests, supporting local livelihoods and regional economies. Secondary forests, however, particularly plots previously
used for agriculture (swidden fallows), present better B. excelsa seedling and sapling recruitment than mature forest. This study examines the extent to which forest
residents could increase nut productivity by allowing their fallows to grow into Brazil nut rich forests. We conducted B. excelsa inventories in the Brazilian state of
Acre in abandoned swidden fallows of different ages. We also conducted interviews to determine landowner perspectives on the fallow potential for increasing nut
production. An individual-based model, based on in-situ inventories and primary and secondary datasets from prior fieldwork, simulated growth, survivorship and
production from the 250 inventoried trees in 18 fallows of varying sizes (from 0.41 to 4.18 ha) and different regrowth stages (12 to 60 years old). These simulation
model predictions showed that after 10 years, 2.4% of existing trees would be productive, with an average of 68.6 ± 21.5 fruits per reproductively mature tree in the
four fallows that most quickly yielded productive trees. By the final projected time interval (40 years), predictions suggest all fallows will produce fruits with
cumulative production averaging 1475 ± 359 fruits ha−1, suggesting an increase in landowner income of US$55.1 ± 13.4 per hectare of fallow. Our simulation
model is the first to explore fruit productivity of Brazil nut in secondary forest. It likely underpredicts B. excelsa growth and nut production, considering that swidden
fallows provide better resource availability than the forest-derived datasets we used to construct the model equations. In conclusion, our findings support previous
research that suggests that higher B. excelsa recruitment rates observed in abandoned swidden fallows could indeed translate into greater adult densities and thus
potentially, higher nut production – a conclusion mirrored by most participant landowners.
1. Introduction
Brazil nut (Bertholletia excelsa Bonpl.) has been identified as the
‘cornerstone of Amazonian conservation’ (Clay, 1997; Ortiz, 2002;
Guariguata et al., 2017). It occurs across the entire Amazon basin (Mori
and Prance, 1990). Almost all nut (seed) harvests are from old growth
forests and collection appears to be sustainable (Zuidema and Boot,
2002; Wadt et al., 2008; Scoles and Gribel, 2011; Ribeiro et al., 2014;
Bertwell et al., 2017, but also see Peres et al., 2003). Critically, the
thriving Brazil nut market substantially supports local livelihoods and
regional economies (Stoian, 2005; Cronkleton and Pacheco, 2010;
Coslovsky, 2014; Kainer et al., 2018). Duchelle et al. (2011) determined
that nut revenues correspond to up to 43% of small landholder incomes
in the tri-frontier region of Madre de Dios, Peru, Acre, Brazil and Pando,
Bolivia. Moreover, prices received by nut harvesters have doubled in
Bolivia from 2009 to 2015 (Soriano et al., 2017). In Brazil, prices
surged even more dramatically, increasing over 14-fold in the last
20 years (IBGE, 2018). These findings suggest that Brazil nuts are an
extremely valuable forest commodity, motivating harvesters and pol-
icymakers alike to conserve Brazil nut-rich standing forests.
Studies have shown that disturbed or secondary forest, particularly
plots previously used for agriculture (swidden fallows), present better
B. excelsa seedling and sapling recruitment than mature forest (Kainer
et al., 1998; Cotta et al., 2008; Paiva et al., 2011). Swidden agriculture
is defined by Fearnside (1990) as the process by which small patches of
forest are cleared, burned, planted for subsistence crop production, and
once no longer suitable for agriculture, abandoned to fallow. These
fallows (or secondary forests) can either grow into mature forest or be
cleared again in a few years to initiate the swidden process all over
again. Compared to old-growth forests, swidden fallows provide better
light and soil conditions (Cotta et al., 2008) for more rapid growth of B.
excelsa trees, which could translate into forests with higher densities of
productive individuals. Therefore, abandoning fallows to grow into
forest (versus clearing again for agriculture) could potentially enhance
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B. excelsa densities and ultimately nut production, which could sig-
nificantly increase forest resident incomes and contribute to the sus-
tainability of Brazil nut extraction and forest conservation. Some local
landowners also perceive the benefit of fallows to increase Brazil nut
production. For example, one forest resident interviewed in the Brazi-
lian Amazon stated that he intended to increase the production of Brazil
nuts on his land by abandoning agriculture plots to fallow (Wadt and
Kainer, personal communication). Like the more than 290,000 forest
residents who live in sustainable use protected areas across the Brazi-
lian Amazon (D’Antona et al., 2013), his family traditionally makes a
living through subsistence swidden agriculture and extraction of timber
and non-timber forest products, including Brazil nuts.
This research investigates to what extent forest residents could in-
crease Brazil nut productivity by abandoning swidden fallows.
Specifically, this study aims to quantify the long-term Brazil nut pro-
ductivity potential of swidden fallows, addressing the following specific
questions:
1. What are the densities and sizes of B. excelsa individuals in aban-
doned swidden fallows of different ages?
2. What are the perceptions of local landowners regarding abandon-
ment of existing swidden fallows to increase Brazil nut production?
3. What is the projected productivity in these fallows into the future,
given measured rates of B. excelsa growth, diameter at reproductive
maturity, and production levels at different diameters?
These findings will be a first attempt to quantify the potential of
abandoned swidden fallows to enhance future Brazil nut productivity.
The study also reveals preliminary landowner perspectives on the
promise of these fallows for potentially enriching Brazil nut production
in their landholdings to generate future income.
2. Materials and methods
2.1. Study species
Bertholletia excelsa is a very large and emergent Amazonian tree,
occurring throughout the Amazon basin in terra firme (non-flooded)
forest (Mori and Prance, 1990). Adults can be long-lived; for example,
one individual lifespan was estimated at 401 years by growth-ring
analysis (Schöngart et al., 2015) and another tree had its age estimated
as more than 1000 years by radio-carbon-dating (Vieira et al., 2005).
They can reach up to 50 m in height and 3 m in diameter at breast
height, measured at 1.3 m above ground level (DBH) (Zuidema, 2003).
The species is considered gap-opportunistic (Myers et al., 2000),
thriving in environments with higher light availability (Kainer et al.,
1999; Cotta et al., 2008). According to Staudhammer et al. (2013), B.
excelsa achieves canopy dominance and stable diameter growth rates in
mature forest when DBH is between 40 and 50 cm.
Fruit production is variable at the population and individual tree
levels (Kainer et al., 2007; Tonini and Pedrozo, 2014; Neves et al.,
2015) and also between years (Zuidema, 2003; Tonini and Pedrozo,
2014; Rockwell et al., 2015). The reproductive maturity of B. excelsa is
strongly correlated with DBH. For example, while 96% of 192 trees
between 50 and 100 cm DBH had reached maturity in the state of Acre,
Brazil (Wadt et al., 2005), only 3.5% of 364 individuals < 40 cm DBH
were producing in two sites in the Bolivian Amazon (Zuidema, 2003).
Fruits are spherical and large (10–16 cm), and take 14 months on
average to reach maturity and fall from the tall, expansive crowns
(Maués, 2002), trapping the nuts (which are botanically classified as
seeds) inside until opened by scatterhoarding rodents or humans (Peres
and Baider, 1997) Nuts per fruit can range from 19.4 (± 2.9 SD) in a
sample from Pando, Bolivia (Zuidema and Boot, 2002), 17.1 in Pará,
Brazil (Peres and Baider, 1997) and 18.0 (± 2.6 SD) in Acre, Brazil
(Viana et al., 1998). Based on a sample of 60 seeds from each of 10
Fig. 1. Distribution of the 18 swidden fallows (in black diamonds) across the study site (PAE Chico Mendes) and their corresponding projected Brazil nut productivity
(fruit ha−1) at 40 years. Brazil nut fruit productivity (shades of pink dots) of individual landholdings are based on landowner-reported estimates of total nut
production for 2017–18. Dot positions represent house locations at each landholding and GPS coordinates reported were obtained from the Instituto Nacional de
Colonização e Reforma Agrária (INCRA).
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maternal families, Kainer et al. (1999) estimated that each unshelled
nut weighs on average 9.8 (± 2.0 SD) g when fresh (undried).
2.2. Research site
Fieldwork was conducted in the state of Acre, Brazil, in the Chico
Mendes Agro-Extractive Settlement Project. The settlement site known
as Cachoeira, is located in the municipality of Xapuri, bordering Bolivia
(Fig. 1). Vegetation of this region is classified as moist tropical forest,
with undulating topography (Holdridge, 1978). It is dominated by open
forest with bamboo and spots of dense forest and open forest with palm
trees (Governo do estado do Acre, 2010), and has a dry-season that lasts
3 months, from June to August. Cachoeira was safeguarded as a set-
tlement project in 1989 as a direct result of a non-violent social
movement by rubber tappers to protect resident livelihoods and the
forest on which they depend (Stone-Jovicich et al., 2007). Under this
designation, the federal government owns the 24,898-ha area, which is
co-managed collectively by residents (hereafter call landowners), who
make a living mostly through subsistence agriculture and extraction of
timber and non-timber forest products.
Cachoeira is internally divided into individual landholdings, which
each landowner manages. While households have considerable rights to
and decision-making power over most forest resources (e.g., exclusive
rights to harvest and sell all Brazil nuts on their landholding), gov-
ernment guidelines and restrictions also apply. Landowners practice
swidden agriculture in previously forested patches for 2 to 3 years
(typically planting corn, rice, beans, and manioc) and then move on to
the next patch, leaving the first one to regenerate secondary forest
(Cotta et al., 2008). This model of cultivation provides small plots (0.5 –
1.5 ha) that normally have at least one edge with mature forest (Cotta
et al., 2008). B. excelsa adults of reproductive size are typically absent
in forest fallows, as agriculture is practiced in areas devoid of valuable
Brazil nut and rubber (Hevea brasiliensis) trees. There is no precise Brazil
nut harvest history for our study region, but commercial collection
probably started before 1933, when a nut processing plant was installed
nearby and began product exportation (Bakx, 1988). The harvest of
Brazil nuts occurs seasonally, with fruits falling from mid-November to
early February in our study region (Faustino et al., 2014). Based on a
6.75 ha plot that was embedded within our study area, Oliveira (2011)
estimated that 77 to 85% of all fruits that fell to the ground between
2008 and 2010 were collected by the resident harvester.
2.3. In situ data collection
Primary data was collected over two field seasons in May and June
of 2017 and 2018. The field component served to assess densities and
sizes of B. excelsa in 18 swidden fallows. Interviews with current
landowners of each measured fallow focused on fallow history and
future perspectives.
2.3.1. Area selection
Study areas were selected on a voluntary basis. We first explained
the project in a community meeting and asked for resident volunteers
who would allow us to assess fallows on their properties. Landowners
provided an estimated age of each fallow (the year in which the crop
site was abandoned). These initial contacts led us to other interested
landowners, using snowball sampling (Bernard, 2011). During this
process, a resident also was identified and subsequently employed as a
research assistant.
2.3.2. Density and sizes of B. Excelsa in fallows
To accurately mark the edges of each swidden fallow, we walked the
perimeter and delineated the fallow with the current landowner. Corner
coordinates and fallow perimeters were recorded using a Garmin 78 s
GPS (Global Positioning System) unit. With the shape of the area de-
termined and archived, we then separated the fallow into sufficiently
small sections that could be walked and inventoried. While fallows
were of diverse configurations, our basic inventory approach was to
create transect lines every 25 m, which were perpendicular to the
longest edge of the plot. The team leader would walk in these guiding
transects, while a second member would zigzag between the leader and
an imaginary parallel line of 12.5 m from the transect line, searching
carefully for all B. excelsa individuals greater than 1.5 m in height. Once
the end of the first transect was reached (which was one of the edges of
the plot), the leader would walk the second transect line while the other
team member would search the remaining half of the 25 m transect.
This procedure was repeated until all fallow sections were inventoried
and all B. excelsa individuals were found, marked with flagging and
assigned a sequential number for subsequent measurements.
A number of measurements were made on each tree. The first
measurements were categorical: (1) Liana cover (0 = no liana coverage
of the tree crown; 1 =≤ 2/3 liana coverage; and 2 = greater than 2/3
liana coverage) and (2) Crown position, using Alder and Synnott (1992)
guidelines (Suppressed, Intermediate, Co-dominant and Dominant).
Then, a mark was made on the subject tree at 1.3 m in height to be used
as a reference to measure DBH with steel metric diameter tapes, and
tree height and crown height using a hypsometer (Haglöf – vertex laser
VL402). To measure crown width, a measurement tape was held at each
crown end under the last leaves that would form the longer width of the
tree crown, followed by the same procedure for the transversal axis to
the first measurement. Based on these measurements, crown form was
afterwards assigned: “poor” crown form to trees with greater than 50%
difference between maximum crown width and its perpendicular width,
while “good” was used for the rest of the trees. For a handful of trees,
crown width could not be measured with precision due to liana cover,
and these trees were assigned “poor” crown form. Tree and crown
height were also measured using a measuring tape when tree height
was within reach; otherwise, the hypsometer unit was used. Individual
tree competition was estimated using the same hypsometer unit and
applying Bitterlich sampling (also known as “horizontal point sam-
pling”) described in Kershaw et al. (2016). In summary, every tree near
the subject tree was assessed via horizontal point sampling, measuring
its distance to the subject tree and DBH when the nearby tree was
considered to be in competition with the subject tree, using a basal area
factor of 9 m2 ha−1.
Statistical analyses of the data acquired in the fallow inventories
were performed using the programing language R (version 3.4.3) and
the RStudio software companion (version 1.1.414) (RStudio Team,
2016; R Core Team, 2017). Due to the non-normal nature of the data,
three non-parametric tests were employed. The relationship between
swidden fallow age and DBH was tested using Spearman’s correlation
coefficient, crown position and the number of competing trees using a
Kruskal-Wallis test, and fallow age and DBH distribution using a Wil-
coxon rank-sum-test.
2.3.3. Settlement-wide productivity estimates
To put production projections of sampled fallows into context, we
estimated the productivity of Brazil nuts for the whole settlement. To do
this, the research assistant visited the majority (93%) of the 86 land-
holdings in the entire 24,898 ha Settlement. Each landowner provided
estimates of landholding Brazil nut production for the 2017–2018
period. Area shape files were not available for all Settlement land-
holdings, and only a little over half had been individually demarcated.
Thus, to approximate landholding spatial distribution, GPS points of
each house location corresponding to each landholding were obtained
from the federal agency responsible for Cachoeira (Instituto Nacional
de Colonização e Reforma Agrária - INCRA). Additionally, landholder
estimates were used to approximate landholding size where demarca-
tions were lacking. Area and production data obtained were used to
estimate productivity (lata ha−1) of each landholding. A “lata” (“can” in
English) is a local measurement unit, corresponding to approximately
11 kg of unshelled nuts before drying (Wadt and Kainer, 2012). Spatial
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distribution of productivity was represented in the study site map
(Fig. 1), which was created using the R packages “sf”(Pebesma, 2018),
“ggplot2” (Wickham, 2016) , “raster”(Hijmans, 2017), “ggsn”(Baquero,
2017), “ggpubr”(Kassambara, 2018), “grid”(R Core Team, 2017), and
“gridExtra” (Auguie, 2017). To compare these estimates to the fruit
projections from the simulation model created during this study, we
transformed lata ha−1 to fruit ha−1 using a factor of 62.4 (fruits per
lata), calculated using the following relational values:
• 1 lata ≈ 11 kg of fresh-weighted unshelled nuts (or seeds) (Wadt
and Kainer, 2012);• 1 seed (fresh weight) = 9.8 (± 2 SD) g (n = 600 seeds) (Kainer
et al., 1999); and• 1 fruit = 18 (±2.6 SD) seeds (n = unknown) (Viana et al., 1998).
2.3.4. Past and future fallow use
A mix of unstructured and semi-structured interviews was used to
gather historical fallow information (e.g., age, crops cultivated and
frequency of use) and landowner perspectives on fallow potential for
Brazil nut production (Approved by IRB: IRB201701118). Interviews
were first initiated in the fallow during the delineation process to fa-
cilitate discussion and help the landowner feel comfortable. These first
unstructured interviews consisted of a discussion with no pre-de-
termined questions, where the content was decided by the informant,
and the focus by the interviewer, always with minimal control over the
informant’s response (Bernard, 2011). Subsequently, at a different op-
portunity, a line of questioning was pursued to gather additional fallow
information and get a sense of how the landowner perceived this pro-
ject potential. Sites of the 9 landowners whose fallows were inventoried
during the first field season were revisited to provide a physical map of
their landholding, highlighting the house and fallow(s) locations within
his/her property and a summary of each B. excelsa tree inventoried in
each fallow. This easily led to application of a simple questionnaire
with guiding questions to conduct semi-structured interviews (Bernard,
2011) about past and future fallow use. Additionally, an open-ended
discussion was initiated regarding the potential of fallows and this re-
search project. This same procedure was followed with three additional
landowners who entered the study in the second season, although it was
not possible to return a map and inventory summary.
To assess the accuracy of age estimates provided by landowners, we
used remotely sensed imagery to locate plots and verify the last clear-
ance event. Using the Landsat 5 historical dataset (1985 to 2010) and
two Sentinel-2 images (from 2017 and 2018) available at Google Earth
Engine (Gorelick et al., 2017), we searched for changes in vegetation
cover around the estimated year which could indicate a clearance
event. Some swidden fallows were too small to be definitively identified
in the 30 m spatial resolution provided by Landsat 5, but overall, our
spot-checked imagery largely verified landowner estimates within a
year or two. One remotely sensed image revealed a fallow that was
cleared 6 years prior to the landowner estimation. In this unique case,
we utilized the age suggested by the remotely sensed analysis.
2.4. Simulating fruit production
To estimate potential productivity of B. excelsa in swidden fallows,
an individual-based model (IBM), hereafter referred to as a “simula-
tion”, was developed, consisting of three models: growth, survivorship
and fruit production of the B. excelsa populations for the next 40 years.
Insufficient information was available to include recruitment of new
individuals into the established populations. IBMs simulate each in-
dividual in a population as a single object, considering individual trees
as the basic unit of a forest (Newnham, 1964; Huston et al., 1988; Liu
and Ashton, 1995). Each tree responds differently to environmental
stress, growth, and reproductive patterns, and each differs in size, be-
havior (Liu and Ashton, 1995), and neighbor effects (Huston et al.,
1988). IBMs are typically used to mimic forest dynamics by tracking
species and size-specific demographic behaviors (DeAngelis and Gross,
1992). Simulation inputs were from two sources: in-situ inventories
described above, and primary and secondary data from prior fieldwork,
including previously-developed models and corresponding parameter
estimates (Staudhammer et al., 2013; Bertwell et al., 2017). Upon
scrutinizing the fallow database, five inventoried trees were excluded
from the simulation, because they were determined to exist prior to the
clearing event. Of these five trees, two preexisting trees were confirmed
by the landowner, one tree was planted concurrently with the first crop,
and two had diameters incompatible with the claimed fallow age.
2.4.1. Diameter increment equations
To estimate growth for trees with original or calculated
DBH < 10 cm (179 inventoried trees), we adapted Staudhammer
et al.'s (2013) basal area increment (BAI; cm2 yr−1) equation for ju-
veniles trees. This equation was based on 54 trees sized 5 cm≤ DBH <
50 cm, growing on a 420-ha mature forest site within ~ 30 km of our
field sites:= + + +BAI r DBH f cfgp cftp20.508 0.023 0.702 8.873 4.532 1.2939
(2-1)
where:
• r is rainfall during the preceding three months (mm),• f is a binary indicator of whether the individual had initiated fruit
production,• cfgp is a binary indicator of crown form (good = 1 vs poor = 0),• cftp is a binary indicator of crown form (tolerable = 1 vs poor = 0).
Since no trees < 10 cm DBH had initiated production, f= 0 in our
IBM. Because we only were able to discriminate between good and poor
crowns, we combined the tolerable category with the good category,
such that cftp = 0 in our IBM.
At every annual step of the 40 years (until transition to size of 10 cm
DBH), the result from this equation was added to the calculated basal
area (BA) of the tree, and the resultant new diameter was used as input
in the next cycle of the model. When the 10 cm DBH threshold was
crossed, the DBH for that year would be set at 10 cm. To estimate
growth of trees with ≥10 cm DBH, we used a second growth equation
developed by Bertwell et al. (2017). This second equation was devel-
oped based on 174 trees greater than 10 cm DBH ≤ 260 cm located
within a 192-ha area of forest within our study site. Additionally, be-
cause it is one of the only B. excelsa growth models developed from a
robust data set that was collected annually and over a long-term period
of time (6 years), we consider it to be the best equation to represent
growth in our model, even though our study was for fallows, not mature
forest. We applied the equation to estimate Diameter at breast height
increment (cm year−1; di) as follows:= + +d r DBH DBH0.3841 0.000261 0.0000643 0.000000256i 2 3 (2-2)
The result of the equation was added to the previous DBH of
trees ≥ 10 cm DBH to determine the new DBH for each year.
2.4.2. Survivorship equation
Bertwell et al. (2017) also developed a 14-year survival model,
based on trees growing on the 420-ha site of mature forest located
within ~ 30 km of our field sites. The equation for predicted probability
of survival over 14 years (P) was as follows:= ++logit P DBH f f p vc( ) 3.713 0.010 2.636 1.086 1.487 0.6070.761 1 2 (2-3)
where:
• f1 is a binary indicator for crown form (poor = 1 vs good = 0),• f2 is a binary indicator for crown form (tolerable = 1 vs good = 0)’,
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• p is a binary indicator for the ‘suppressed’ crown position (p = 1),
versus all other classifications (p = 0),• v is a binary indicator for greater than 25% liana load (v = 1),
versus ≤ 25% (v = 0), and• c is a binary indicator for whether lianas were cut
In our IBM, c = 0, since lianas were not cut in our fallow trees. As in
Equation (2)-(1), we only were able to discriminate between good and
poor crowns, combing the good and tolerable categories, such that
f2 = 0 in our IBM.
To estimate annual survival probability, results obtained by
Bertwell et al.'s (2017) 14-year survival model were transformed with
the inverse logit function and elevated to the power of 1/14. Integrating
stochasticity, our model generated a uniform random number between
0 and 1 and compared it to the survival probability of each tree cal-
culated with Equation (2–3); trees with random numbers less than or
equal to this threshold survived.
2.4.3. Fruit production equation
Fruit production was estimated using the equation developed by
Bertwell et al. (2017), which assumes that trees under the mature forest
canopy initiate production only upon attaining ~ 40 cm DBH (Zuidema
and Boot, 2002). Therefore, the equation was only applied to estimate
annual production (fruits year−1; F) for trees ≥ 40 cm DBH as follows:
= +F DBH DBH192.1 5.799 0.018 2 (2-4)
To provide a basic perspective of potential landowner earnings,
projected nut production from fallows on each property was monetized.
These earnings were derived from simulated production quantities,
Brazil nut values acquired at IBGE/SIDRA (2018), and currency ex-
change rates from OANDA (2018). While the value of Brazil nut fluc-
tuates year to year, we used average price paid for a lata of Brazil nuts
(US$ 10.24) in the last five years (2013 – 2017) to reduce the effect of
price inflation or deflation.
2.4.4. Rainfall estimates
Annual rainfall data was obtained from the National Institute of
Meteorology in Brazil (INMET - Instituto Nacional de Meteorologia,
n.d.), which was collected between 1970 and 2017 at the capital city of
Rio Branco, Acre (112 km from our study site). Three years were ex-
cluded (1978, 1991 and 1992) from the data set, because some monthly
data was not available. Average annual rainfall ranged from 933.2 to
2689.4 mm. Rainfall data was selected from the historical data at
random for the first year, adding another stochastic element to our si-
mulation. Subsequent years followed the same sequence as the histor-
ical data, with the years cycling back to the first year of the data (1970)
when following the last year (2014). The same rainfall data was applied
to all individuals in the simulation.
2.4.5. Sensitivity analysis and simulation outputs
A sensitivity analysis was conducted to determine how parameters
from the equations (intercept and coefficients) and variables of the si-
mulation (i.e., rainfall, crown form, DBH) influenced key outputs.
Simulation’s variables and equation’s parameters were individually and
systematically altered to inspect how these changes affected final re-
sults.
The simulation was run fifty times and monitored outputs included:
average DBH, fruit production, and cumulative fruit production 10, 20,
30 and 40 years into the future. Values equal to zero were excluded
when calculating average diameter or fruit production, as DBH was set
to zero if the tree died, and production set to zero if the tree
was ≤40 cm DBH; therefore, the average production values reported
only consider reproductively mature trees.
3. Results
3.1. Swidden fallow profiles
The 18 fallow plots inventoried ranged in age from 12 to 60 years
old. All landowners reported that they had initiated the cutting and
burning of these plots. All but one reported subsequently planting
common crops of rice, corn, beans and cassava before leaving plots to
fallow. Four landowners, however, reported planting a second crop
cycle prior to fallow. Although some landowners in our region convert
agricultural plots to pasture, none did so in our study. Swidden fallows
ranged in size from 0.41 to 4.18 ha (Mean (x¯) = 1.316,± 0.830 SD)
(Table A-1). B. excelsa tree count per fallow ranged from 6 to 47 trees
(x¯ = 13.889,± 10.742 SD). Average densities for all inventoried Brazil
nut trees were 11.78 (± 7.21 SD) trees ha−1, while for saplings
(DBH < 10 cm), average densities were 8.73 (± 6.31 SD) trees ha−1
and for juveniles and adults (DBH ≥ 10 cm) average densities were
3.30 (± 2.72 SD). Because participation in the study was voluntary, the
18 fallows sampled were not randomly distributed, but did represent a
sizeable portion of the Settlement (Fig. 1). Regardless of fallow age,
larger trees had greater light availability than smaller trees as assessed
by crown position (Fig. 2). There were no suppressed trees larger than
20 cm DBH, and all trees larger than 30 cm DBH had co-dominant or
dominant crown positions. As the age of the fallows increased, a greater
fraction of smaller trees was suppressed.
Diameter at breast height was significantly different by fallow age
(p-value = 2.2e-16), increasing with fallow age (Fig. 3). Also, DBH had
a negative relationship with number of competing trees surrounding
each B. excelsa individual (p-value = 0.02316, Spearman
rho = −0.1436) (Fig. 4). The number of competing trees was also
significantly different by crown position (p-value = 0.001763).
3.2. Landowner perspectives on fallow potential
Landowners almost unanimously were surprised at the high num-
bers and densities of B. excelsa individuals encountered in their fallows.
This seemed to stimulate them to add that they did not intend to con-
vert the fallow to use for agriculture or pasture in the future.
Additionally, two said that if they needed the fallow for other uses, they
would try to preserve the existing Brazil nut trees by departing from the
traditional slash and burn techniques. This would be accomplished by
felling all trees except B. excelsa, allowing logs to dry, and then using
controlled fire to reduce remaining logs to ash. Four landowners re-
ported that it would be better to manage the fallows to increase B.
excelsa density and sizes rather than just wait for natural regeneration
and growth to occur. One said that it would be interesting to enrich
“poor” patches of the forest by planting timber, Brazil nut trees and
fructiferous trees to feed humans and game animals once the agri-
cultural cycle was completed. One landowner expressed doubt with our
statement that fallows harbor higher densities of B. excelsa than mature
forest.
3.3. Simulation model results
The integrated simulation model of growth, mortality and fruit
production per fallow indicates that basal area per hectare of Brazil nut
increases by 2534% (± 707 SE) on average over the 40-year projection
period (Fig. 5). The fallows from the three oldest fallow age classes
(20–22; 26–29; 48–60) tend to follow a similar increase in basal area
through time, regardless of initial fallow age. However, the youngest
age class (12–17 years) had the greatest basal area at all future ages
when compared to other age classes.
Cumulative fruit production projections obtained by the simulation
(Table A-2) showed that after 10 years, 2308 total fruits would be
produced in the four fallows that most quickly yielded productive B.
excelsa trees. In these four fallows, most fruits (96.67%) were produced
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in the two oldest fallows, rather than the two youngest that were under
17 years of age at the time of our inventories. After 30 years, 13 of 18
fallows of all ages were projected to exhibit cumulative production
ranging from 14 to 3891 (fruits ha−1). By the final projected time in-
terval (40 years), all fallows were predicted to produce fruits, with
cumulative production averaging 1475 (± 359 SE) fruits per hectare.
Projected annual fruit productivity increased over time as more
trees achieved reproductive maturity. For example, productivity of
Fallow O at 10, 20, 30 and 40 years was 26, 82, 161, 581 fruits ha−1,
respectively. Once a fallow started to produce, it tended to increase
productivity over time. At 40 years, all fallows were projected to yield
fruits (x¯ = 319,± 53 SE fruits ha−1), with three of the youngest class
fallows (M, E and L) in the top five productivity fallows (Fig. 6).
At any given decade, once the fallow had started to produce, simi-
larities emerged when comparing projected fallow productivity to the
spatial distribution of current productivity obtained from landowner
estimates (Fig. 1). This held true except in three low production fallow
predictions (A, B and P), located in high production landholdings and
visible on the settlement-wide productivity estimates map (Fig. 1). As
for the three highest productivity fallows, they were all located in
Fig. 2. Crown position (suppressed, intermediate, co-dominant and dominant) of B. excelsa by DBH class (cm) in four fallow age classes.
Fig. 3. DBH distribution per fallow arranged in fallow age order. Four fallow age classes were selected based on natural clustering. Boxes encompass the first and
third quantiles (25% and 75% of the data, respectively). Horizontal lines are drawn at the median (50% percentile) value. Vertical lines extend 1.5 times the
interquartile range above the upper and below the lower quartiles. Observations outside this range are marked separately.
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medium to high productivity areas. Finally, the third most productive
fallow based on our predictions was generated from the fifth youngest
fallow.
Extrapolating from the fallows predicted to produce nuts into the
future, our findings suggest that landowners could expect to increase
their income per hectare of fallow at every decade by the following USD
amounts [based on IBGE/SIDRA (2018) and OANDA (2018)]:
• 10 years: x¯ = $7.5, SE ± 3.99, ranging from $0.33 to $27.34• 20 years: x¯ = $8.38, SE ± 3.89, ranging from $0.35 to $36.75• 30 years: x¯ = $14.55, SE ± 5.21, ranging from $2.21 to $57.17• 40 years: x¯= $55.06, SE ± 10.48, ranging from $11.59 to $151.59
The sensitivity analyses demonstrated that the growth model was
especially sensitive to changes in rainfall. Both growth equations re-
turned higher DBH values with higher rainfall, and lower DBH values
for lower rainfall.
4. Discussion
Individual tree-based growth models are appropriate for estimating
tree growth regardless of species mixture, age distribution, and applied
silvicultural systems (Hasenauer, 2006). They can also be used to en-
vision detailed stand structure dynamics, and can be even better than
stand level models (Peng, 2000). Understanding individual tree dy-
namics is valuable to elaborate management on an individual basis as
we attempt to do herein to estimate future Brazil nut production of each
tree in each fallow.
4.1. Fallow profile
Of the fallows studied, most had a well-defined shifting cultivation
cycle, which was practiced similarly by all landowners. Density of
saplings (≥1.5 m height and <10 cm DBH) in our inventoried fallows
was higher than that reported by Cotta et al. (2008) from fallows lo-
cated in close proximity to ours (8.7 (± 6.3 SD) vs 5.2 trees ha−1).
Fig. 4. DBH and number of competitors to every tree in the data set, colored by fallow age class. Trend line and its standard error show a modest negative
relationship.
Fig. 5. Average sum of basal area of B. excelsa per hectare of each fallow, colored by age class.
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Density of trees larger than sapling stages (≥10 cm DBH) can only be
compared to density of B. excelsa in mature forest due to lack of studies
in old fallows. Our fallow inventories revealed that densities of
trees ≥ 10 cm DBH tended to be higher than B. excelsa densities found
in nearby mature forest located within our study site (x¯ = 3.30,± 0.6
SE trees ha−1 vs x¯ = 2.5,± 0.3 SE trees ha−1) (Wadt et al., 2008).
Density of B. excelsa in fallows tend to be higher due to light and nu-
trient availability (Kainer et al., 1998; Cotta et al., 2008). Extrapolating
from our analyses, we can assume that this higher density in younger
fallows translated to higher density in older fallows as well, which were
represented by the two older fallows of our inventory (O and N, 48 and
60 years old respectively). The density of individuals ≥ 10 cm DBH in
these two fallows was higher than in nearby mature forest (6.51 and
10.87 trees ha−1 vs 2.5 ± 0.3 SE trees ha−1) (Wadt et al., 2008).
As expected of a naturally regenerating system, the larger trees
experienced reduced competition from their smaller surrounding in-
dividuals. This was also true for crown position. Trees that are domi-
nant and co-dominant tend to have a smaller number of competing
trees, while suppressed trees have a tendency to have more trees
competing for above and/or below ground resources (Canham et al.,
2004).
4.2. Landowner perspective
Despite the scientific evidence that swidden fallows provide better
conditions for Brazil nut recruitment and regeneration than mature
forest (Cotta et al., 2008), one interviewed landowner expressed that
mature forests are richer in Brazil nut densities than could ever be at-
tained in mature fallows. All other landowners agreed with our research
premise - that abandoning previous agricultural plots could increase
Brazil nut productivity because of the higher B. excelsa densities en-
countered in fallows. In addition, two landowners interviewed ex-
pressed that Brazil nut trees in fallows should be managed to enhance
densities and stimulate growth, rather than simply abandoning them.
Indeed, protecting B. excelsa seedlings in agricultural clearings has been
reportedly put into practice by over 2/3 of Brazil nut harvesters in the
border region of Bolivia, Brazil and Peru (Duchelle et al., 2014). Ad-
ditionally, approximately 90% of these harvesters reported practicing
another simple management technique to increase fruit yields, that of
liana cutting. Lianas compete with their host trees for above- and
below-ground resources (Grauel and Putz, 2004; Schnitzer et al., 2005),
and a liana cutting experiment revealed that liana cutting specifically
increased Brazil nut production in mature forest by threefold 14 years
after treatment (Kainer et al., 2014). Furthermore, one interviewee
pointed out that these proactive management practices could be applied
to other socioeconomically important species found in fallows.
Montagnini and Mendelsohn (1997) demonstrated that smallholder
management of fallows for timber yield could be profitable. Also, Sears
et al. (2017) document how Peruvian small farmers manage agri-
cultural fallows to produce the fast-growing pioneer timber species
Guazuma crinite. Mahogany (Swietenia macrophylla) and cedar (Cedrela
odorata), two valuable timber species, have also been managed when
regenerated in higher densities in swidden fallow (Dubois, 1990).
However, enrichment planting of timber species is only economically
viable if start-up investment and maintenance costs are kept minimal,
so that costs do not overcome profits (Keefe et al., 2012). This economic
logic would also apply to potential Brazil nut management investments
in fallows.
4.3. Simulation model outputs
The output of the productivity model does not show a linear re-
lationship between fruit production and fallow age. The patterns of
production are also highly dependent on the initial size distribution of
trees and the size of the fallows. The three fallows with the highest
projected productivity were already contributing with reproductively
mature B. excelsa trees at our study inception. Mathematically speaking,
the cumulative production was high because these fallows had multiple
large-diameter trees, and some were visibly reproductively mature at
the time of our inventory and their diameters were close to or higher
than 40 cm DBH, which is the threshold used by our production
equation.
In terms of income, our simulation suggests that four landowners
could increase annual nut harvest revenues in< 10 years (x¯=
$7.50,± 3.99 SE per ha of fallow), and at least seven of them could
have increased profits in 20 years (x¯= $8.38,± 3.89 SE per ha of
fallow), which is a reasonable timeframe considering that no money or
time was invested following abandonment of their agricultural plots.
Fig. 6. Projected annual B. excelsa fruit productivity for each fallow at the end of 10, 20, 30 and 40 years, ordered by landowner fallow age estimates. Letters are
color coded to represent fallow age classes (blue = 12–17 yrs.; orange = 20–22 yrs.; green = 26–29 yrs.; and red = 48–60 yrs.) based on natural clustering.
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These per hectare values are consistent with lower range of Amazon
basin estimates from Strand et al. (2018), and to put them into a
household context, average 2006–07 annual household income
(N = 47) from Brazil nut collection was estimated as U$ 765 (± 973
SD) at a nearby extractive reserve (Duchelle et al., 2011). As for the last
two decades of the simulation, income increases were predicted for
most landowners within 30 years, and for all landowners within
40 years. This is expected, assuming fallow trees survive and increase in
age and size. However, the more into the future projected, the more
likely swidden fallows (and B. excelsa individuals growing within) could
be compromised. Economic situations could change, and plots could be
used for different purposes. Additionally, control of the property
(passed to next generation or another landholder) could affect how
fallow areas are managed. Here is where application of management
techniques that promote B. excelsa growth and survival could play an
essential role in conserving, transforming and maintaining the fallow to
be more economically valuable. Fallows could be managed to accel-
erate growth by eliminating competition (lianas or trees), and thus
diminish time until reproductive maturity.
The settlement-wide productivity map provides an estimate of the
spatial distribution of current Brazil nut production in the study area.
Generally, high productivity areas suggested by the map coincide with
projected high production fallows (with the exception of three fallows).
Similarly, the projected low productivity fallows tended to occur in low
production areas demonstrated by the map. Our growth and production
equations were more reflective of the high and medium productivity
sites, yet application of these estimates to low production areas (such as
I and J), resulted in production estimates equivalent to their location.
Finally, production values are likely to be additionally influenced by
factors not captured in our study. For example, a possible explanation
for the three fallows (A,B, and P) located in high productivity areas of
the settlement, yet projected to generate low productivity, is the
proximity of these fallows to major roads and logging. Traffic could
drive scatterhoarding rodents to more isolated areas, not permitting
natural establishment of B. excelsa. Another peculiarity of the produc-
tion estimates that is not explained by our study is that the fifth
youngest fallow (E) was the third most productive. One possible ex-
planation is that this particular fallow was clear-cut, burned and simply
abandoned, rather than planted to crops. The relatively higher pro-
ductivity in this non-agricultural plot potentially could be attributed to
the favorable growth environment immediately following site burning,
whereby B. excelsa seedlings (versus agricultural crops) could have
taken advantage of greater nutrient, water and light availability (Kainer
et al., 1998).
4.4. Key assumptions of the simulation
Due to a scarcity of data on growth, recruitment and survival of B.
excelsa in swidden fallows, equations used in the simulation represented
mature forest conditions versus the more representative secondary
forest conditions. Recruitment of new individuals was not included, as
the lack of data specific to recruitment in swidden fallows would result
in a large increase in uncertainty in the simulation model components.
Because fallows provide better soil and light conditions to extant Brazil
nut trees, essential environmental conditions that drive growth, our
equations likely contain conservative DBH increment estimates and
represent an underprediction of potential fallow productivity. Brazil
nut fruit production is variable among years at the population and in-
dividual tree levels (Kainer et al., 2007), yet our fruit production model
considers average annual fruit production, not taking into account the
year-to-year variability. We believe, however, that longer-term fruit
production is being well represented considering that the fruit
production equation was developed within the same area and with a
robust dataset. Finally, rainfall used in the simulation was obtained
from a meteorological station 112 km from our study site; however, the
time series adopted were composed by more than 40 years of data, and
thus we believe that rain patterns of our site are well-represented.
4.5. Future model considerations
While mathematical models are adequate to estimate values based
on the data available and given initial values, they never truly represent
the unpredictable future. However, they are useful tools to evaluate
different scenarios and support decision-making based on real inputs.
Our simulation is the first to explore the production of Brazil nut in
secondary forest. Furthermore, most data used to construct our equa-
tions was from datasets collected on site. However, they also re-
presented mature forest conditions, which could have influenced un-
derprediction of growth and nut production, considering that swidden
fallows provide better light and nutrient availability. To improve the
current simulation model therefore, we suggest measuring B. excelsa
recruitment, growth and survival in swidden fallows to better reflect
population dynamics under these modified conditions.
5. Conclusion
We conclude that swidden fallows could translate into greater
production of Brazil nut if densities are kept high. Looking at the
densities of the two older fallows, we can assume that previous research
conclusions have merit in suggesting that higher recruitment rates in
fallows do translate into higher B. excelsa densities, and thus potentially
higher nut production. However, it is not possible to assume that this is
the reality for the whole study area, because some of the lower pro-
ductivity landholdings based on our productivity map suggest caution
that low production tends to be a constant, despite the slightly higher B.
excelsa densities observed in the inventoried fallows. In summary, we
believe that areas with high production of Brazil nut could generate
swidden fallows with higher densities of trees, and thus generate higher
levels of nut production, a conclusion mirrored by most participant
landowners.
CRediT authorship contribution statement
Eduardo S. Bongiolo:Methodology, Investigation, Formal analysis,
Writing - original draft. Karen A. Kainer: Conceptualization,
Methodology, Validation.Wendell Cropper: Methodology, Validation.
Christina L. Staudhammer: Conceptualization, Validation, Formal
analysis, Writing - review & editing. Lúcia Helena Oliveira Wadt:
Conceptualization, Resources, Supervision.
Declaration of Competing Interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.
Acknowledgements
This work was funded by the International Biodiversity Foundation,
School of Forest Resources and Conservation (SFRC - UF) and the
Tropical Conservation and Development program (TCD - UF), with field
support of the Brazilian Agricultural Research Corporation (Embrapa).
We also thank Cachoeira residents for hosting this research, particularly
the field assistants who were essential to the conclusion of this study.
E.S. Bongiolo, et al. Forest Ecology and Management 464 (2020) 118019
9
Appendix
References
Acre, 2010. Governo do estado do Acre. Zoneamento ecológico-econômicodo Acre - fase
II. Rio Branco, Acre, Brazil.
Alder, D., Synnott, T.J., 1992. Permanent sample plot techniques for mixed tropical
forest. Oxford University Press, Oxford.
Auguie, B., 2017. gridExtra: Miscellaneous Functions for “Grid” Graphics.
Bakx, K., 1988. From proletarian to peasant: Rural transformation in the state of Acre,
1870–1986. J. Dev. Stud. 24, 141–160. https://doi.org/10.1080/
00220388808422060.
Baquero, O., 2017. ggsn: North Symbols and Scale Bars for Maps Created with “ggplot2”
or “ggmap.”.
Bernard, H.R., 2011. Research methods in anthropology: qualitative and quantitative
approaches, 5th ed. AltaMira Press, Plymouth, UK.
Bertwell, T.D., Kainer, K.A., Cropper, W.P., Staudhammer, C.L., de Oliveira Wadt, L.H.,
2017. Are Brazil nut populations threatened by fruit harvest? Biotropica 1–10.
https://doi.org/10.1111/btp.12505.
Canham, C.D., LePage, P.T., Coates, K.D., 2004. A neighborhood analysis of canopy tree
competition: effects of shading versus crowding. Can. J. For. Res. 34, 778–787.
https://doi.org/10.1139/x03-232.
Clay, J.W., 1997. Brazil nuts. The use of a keystone species for conservation and devel-
opment. In: Freese, C.R. (Ed.), Harvesting wild species: implications for biodiversity
conservation. John Hopkins University Press, Baltimore, pp. 246–282.
Coslovsky, S.V., 2014. Economic development without pre-requisites: how Bolivian
Table A2
Projected B. excelsa fruit production (fruits yr−1) of each fallow and productivity (fruits ha−1 yr−1) of each landholding at the end of each 10-year interval. Data are
based on inventoried fallows only.
Landholding Fallow Fallow Area
(ha)
Projected annual productivity of fallows in each landholding (fruits
ha−1 year−1)
Projected cumulative fruit productivity of each fallow (fruits ha−1)
10 yrs. 20 yrs. 30 yrs. 40 yrs. 10 yrs. 20 yrs. 30 yrs. 40 yrs.
Alt Q 0.83 0 0 16 393 0 0 14 1241
AlD N 1.38 167 224 348 692 2054 2608 3891 6629
Bb J 1.01 0 0 0 97 0 0 0 183
Cah A 2.01 0 2 16 72 0 28 191 423
B 1.81 0 0 149 802
P 1.04 0 0 12 421
Faz C 0.91 10 32 76 300 0 0 174 853
O 1.69 176 538 1144 2997
Lah L 0.41 0 0 0 924 0 0 0 1284
M 0.67 0 0 0 1354
Poa G 4.18 2 5 13 71 44 142 347 1301
Poa II F 0.76 0 0 0 452 0 0 0 1098
Ret E 0.80 4 25 61 226 33 518 1651 3160
D 1.41 0 93 333 701
S 1.53 0 0 88 974
R 1.24 0 0 19 804
SC K 1.08 0 18 89 315 0 57 433 1979
SJ I 0.94 0 0 0 152 0 0 0 349
Table A1
Summary of each landholding and its respective inventoried fallows. Count of individuals is the number of B. excelsa inventoried and used in the model.
LHa LH Brazil nut
production
(lata)b
LH
area
(ha)c
LH Brazil nut
productivity
(fruits ha−1)d
Fallow
Code
Fallow
Age
(years)e
Count of
Individuals
Fallow
area
(ha)
Overall density
(Individuals
ha−1)
Sapling density
(Individuals < 10 cm DBH
ha−1)
Juvenile and adult density
(Individuals ≥ 10 cm DBH
ha−1)
Alt 400 325.4 76.70 Q 20 11 0.83 13.22 8.41 4.82
AlD 650 213.7 189.76 N 60 26 1.38 18.92 8.00 10.87
Bb 70 164.4 26.57 J 12 6 1.01 5.93 5.93 0.00
Cah 800 369.1 135.25 A 20 7 2.01 3.48 2.98 0.50
B 21 8 1.81 4.42 2.21 2.21
P 22 6 1.04 5.77 4.81 0.96
Faz 700 238.7 183.00 C 15 7 0.91 7.70 5.50 2.20
O 48 32 1.69 19.00 12.47 6.51
Lah 680 241.7 175.58 L 14 13 0.41 31.72 29.28 2.44
M 17 13 0.67 19.46 16.47 2.99
Poa 700 937.1 46.61 G 13 47 4.18 11.25 8.86 2.39
PoaII 400 300.0 83.20 F 28 12 0.76 15.76 11.82 3.95
Ret 280 330.0 52.95 E 16 12 0.80 15.06 11.30 3.75
D 22 7 1.41 4.97 4.26 0.71
S 28 15 1.53 9.81 7.20 4.82
R 29 11 1.24 8.84 6.43 4.82
SC 700 400* 109.20 K 26 10 1.08 9.24 3.70 5.56
SJ 70 561.2 7.78 I 22 7 0.94 7.46 7.45 0.00
a: Landholding, b: Data based on landowner-reported estimates of total nut production for 2017–18. Lata≈ 11 kg of unshelled nut, c: Data based on area shape files
provided by selective timber management plan, d: Values calculated using property nut production divided by area and multiplied by the factor of 62.4 fruits/lata, e:
Fallow age is based on year of crop site abandonment, *Area estimated by landowner because area shape file was not available.
E.S. Bongiolo, et al. Forest Ecology and Management 464 (2020) 118019
10
producers met strict food safety standards and dominated the global Brazil-Nut
market. World Dev. 54, 32–45. https://doi.org/10.1016/J.WORLDDEV.2013.07.012.
Cotta, J.N., Kainer, K.A., Wadt, L.H.O., Staudhammer, C.L., 2008. Shifting cultivation
effects on Brazil nut (Bertholletia excelsa) regeneration. For. Ecol. Manage. 256,
28–35. https://doi.org/10.1016/j.foreco.2008.03.026.
Cronkleton, P., Pacheco, P., 2010. Changing policy trends in the emergence of Bolivia’s
Brazil Nut sector. In: Laird, S.A., McLain, R.J., Wynberg, R.P. (Eds.), Wild product
governance: finding policies that work for non-timber forest products. Earthscan,
London, UK, pp. 15–41.
D’Antona, Á. de O., Bueno, M. do C.D., Dagino, R. de S., 2013. Estimativa da população
em unidades de conservação na Amazônia Legal brasileira – uma aplicação de grades
regulares a partir da Contagem 2007. Rev. Bras. Estat. Popul. 30, 401–428. https://
doi.org/10.1590/S0102-30982013000200004.
DeAngelis, D.L., Gross, L.J. (Eds.), 1992. Individual-based models and approaches in
ecology : populations, communities, and ecosystems. Chapman & Hall, New York.
Dubois, J.C.L., 1990. Secondary forests as a land-use resource in frontier zones of
Amazonia. In: Anderson, A.B. (Ed.), Alternatives to deforestation. Columbia
University Press, New York, pp. 183–194.
Duchelle, A.E., Cronkleton, P., Kainer, K.A., Guanacoma, G., Gezan, S., 2011. Resource
theft in tropical forest communities: Implications for nontimber management, live-
lihoods, and conservation. Ecol. Soc. 16. https://doi.org/10.5751/ES-03806-160104.
Duchelle, A.E., Kainer, K.A., Wadt, L.H.O., 2014. Is certification associated with better
forest management and socioeconomic benefits? A comparative analysis of three
certification schemes applied to Brazil Nuts in Western Amazonia. Soc. Nat. Resour.
27, 121–139. https://doi.org/10.1080/08941920.2013.840022.
Faustino, C. de L., Evangelista, J.S., Wadt, L.H.D.O., 2014. Dispersão primária de frutos da
castanheira (Bertholletia excelsa Bonpl.): importância para o manejo e a conservação
da espécie. Bol. do Mus. Para. Emílio Goeldi. Ciências Nat. 9, 371–379.
Fearnside, P.M., 1990. Estimation of human carrying capacity in rainforest areas. Trends
Ecol. Evol. 5, 192–196. https://doi.org/10.1016/0169-5347(90)90209-V.
Gorelick, N., Hancher, M., Dixon, M., Ilyushchenko, S., Thau, D., Moore, R., 2017. Google
Earth Engine: planetary-scale geospatial analysis for everyone. Remote Sens. Environ.
202, 18–27. https://doi.org/10.1016/j.rse.2017.06.031.
Grauel, W.T., Putz, F.E., 2004. Effects of lianas on growth and regeneration of Prioria
copaifera in Darien, Panama. For. Ecol. Manage. 190, 99–108. https://doi.org/10.
1016/J.FORECO.2003.10.009.
Guariguata, M.R., Cronkleton, P., Duchelle, A.E., Zuidema, P.A., 2017. Revisiting the
‘cornerstone of Amazonian conservation’: a socioecological assessment of Brazil nut
exploitation. Biodivers. Conserv. 26, 2007–2027. https://doi.org/10.1007/s10531-
017-1355-3.
Hasenauer, H., 2006. Sustainable forest management: Growth models for Europe.
Springer, Berlin Heidelberg, Berlin, Heidelberg. https://doi.org/10.1007/3-540-
31304-4.
Hijmans, R., 2017. raster: Geographic Data Analysis and Modeling.
Holdridge, L.R., 1978. Ecología basada en zonas de vida. Instituto Interamericano de
Ciencias Agrícolas, San José, Costa Rica.
Huston, M., DeAngelis, D., Post, W., 1988. New computer models unify ecological theory.
Bioscience 38, 682–691.
IBGE/SIDRA - Instituto Brasileiro de Geografia e Estatística / Sistema IBGE de
Recuperação Automática, 2018. Produção da Extração Vegetal e da Silvicultura.
Available in:< https://sidra.ibge.gov.br/Tabela/289> (accessed November, 18th
2018).
INMET - Instituto Nacional de Meteorologia, n.d. Dados Históricos - BDMEP - Banco de
Dados Meteorológicos para Ensino e Pesquisa. Available in:< http://www.inmet.
gov.br/portal/index.php?r=bdmep/bdmep> (accessed August, 14th 2018).
Kainer, K.A., De Matos Malavasi, M., Duryea, M.L., Rodrigues Da Silva, E., 1999. Brazil
nut (Bertholletia excelsa) seed characteristics, preimbibition and germination. Seed
Sci. Technol. 27, 731–745.
Kainer, K.A., Dureya, M.L., de Macêdo, N.C., Williams, K., 1998. Brazil nut seedling es-
tablishment and autoecology in extractive reserves of Acre, Brazil. Ecol. Appl. 8,
397–410.
Kainer, K.A., Wadt, L.H.O., Staudhammer, C.L., 2018. The evolving role of Bertholletia
excelsa in Amazonia: contributing to local livelihoods and forest conservation.
Desenvolv. e Meio Ambient. 48, 477–497. https://doi.org/10.5380/dma.v48i0.
58972.
Kainer, K.A., Wadt, L.H.O., Staudhammer, C.L., 2014. Testing a silvicultural re-
commendation: Brazil nut responses 10 years after liana cutting. J. Appl. Ecol. 51,
655–663. https://doi.org/10.1111/1365-2664.12231.
Kainer, K.A., Wadt, L.H.O., Staudhammer, C.L., 2007. Explaining variation in Brazil nut
fruit production. For. Ecol. Manage. 250, 244–255. https://doi.org/10.1016/j.foreco.
2007.05.024.
Kassambara, A., 2018. ggpubr: “ggplot2” Based Publication Ready Plots.
Keefe, K., Alavalapati, J.A.A., Pinheiro, C., 2012. Is enrichment planting worth its costs? A
financial cost – benefit analysis. For. Policy Econ. 23, 10–16. https://doi.org/10.
1016/j.forpol.2012.07.004.
Kershaw, J.A., Ducey, M.J., Beers, T.W., Husch, B., 2016. Forest mensuration. John Wiley
& Sons Ltd, Chichester, UK. https://doi.org/10.1002/9781118902028.
Liu, J.G., Ashton, P.S., 1995. Individual based simulation models for forest succession and
management. For. Ecol. Manage. 73, 157–175. https://doi.org/10.1016/0378-
1127(94)03490-N.
Maués, M.M., 2002. Reproductive phenology and pollination of the brazil nut tree
(Bertholletia excelsa Humb. & Bonpl. Lecythidaceae) in Eastern Amazonia. In: Kevan,
P., Imperatriz Fonseca, V. (Eds.), Pollinating bees - the conservation link between
agriculture and nature. Ministry of Environment, Brasília, Brazil, pp. 245–254.
Montagnini, F., Mendelsohn, R.O., 1997. Managing forest fallows: improving the eco-
nomics of swidden agriculture. Ambio 26, 118–123.
Mori, S.A., Prance, G.T., 1990. Taxonomy, Ecology, and Economic Botany of the Brazil
Nut (Bertholletia excelsa Humb. & Bonpl.: Lecythidaceae). Adv. Econ. Bot. 8,
130–150.
Myers, G.P., Newton, A.C., Melgarejo, O., 2000. The influence of canopy gap size on
natural regeneration of Brazil nut (Bertholletia excelsa) in Bolivia. For. Ecol. Manage.
127, 119–128. https://doi.org/10.1016/S0378-1127(99)00124-3.
Neves, E.S., Guedes, M.C., Rodrigues, E.G., 2015. Relação da produção de frutos de
Castanha-da-Amazônia (Bertholletia excelsa Bonpl.) com variáveis das próprias cas-
tanheiras, em capoeira e floresta da Resex Cajari. Biota Amaz. 5, 31–37. https://doi.
org/10.18561/2179-5746/biotaamazonia.v5n2p31-37.
Newnham, R.M., 1964. The development of a stand model for Douglas-fir. Univ. of British
Columbia.
OANDA, 2018. Average Exchange Rates | OANDA. Available in:< https://www.oanda.
com/currency/average?amount=1&start_month=1&start_year=1994&end_
month=6&end_year=2017&base=USD&avg_type=Year&Submit=1&ex-
change=brl&interbank=0&format=CSV> (accessed November, 18th 2018).
Oliveira, R. da S., 2011. Dinâmica da regeneração e estrutura genética de Castanheira
(Bertholletia excelsa Bonpl .) em duas populações exploradas no Vale do Rio Acre.
Universidade Federal do Acre, Rio Branco.
Ortiz, E., 2002. Brazil nut (Bertholletia excelsa). In: Shanley, P., Pierce, A., Laird, S.
(Eds.), Tapping the green market : Certification and management of non-timber forest
products. Earthscan, London, UK, pp. 61–74.
Paiva, P.M., Guedes, M.C., Funi, C., 2011. Brazil nut conservation through shifting cul-
tivation. For. Ecol. Manage. 261, 508–514. https://doi.org/10.1016/j.foreco.2010.
11.001.
Pebesma, E., 2018. Simple Features for R: Standardized Support for Spatial Vector Data.
R J.
Peng, C., 2000. Growth and yield models for uneven-aged stands: Past, present and future.
For. Ecol. Manage. 132, 259–279. https://doi.org/10.1016/S0378-1127(99)00229-7.
Peres, C.A., Baider, C., 1997. Seed dispersal, spatial distribution and population structure
of Brazilnut trees (Bertholletia excelsa) in southeastern Amazonia. J. Trop. Ecol. 13,
595–616. https://doi.org/10.1017/S0266467400010749.
Peres, C.A., Baider, C., Zuidema, P.A., Wadt, L.H.O., Karen, A., Gomes-silva, D.A.P.,
Salomão, R.P., Simões, L.L., Eduardo, R.N., Valverde, F.C., Gribel, R., Jr, G.H.S.,
Coventry, P., Yu, D.W., Watkinson, A.R., Robert, P.F., 2003. Demographic Threats to
the Sustainability of Brazil Nut Exploitation. Science (80-.). 302, 2112–2114.
R Core Team, 2017. R: A language and environment for statistical computing.
Ribeiro, M.B.N., Jerozolimski, A., de Robert, P., Salles, N.V., Kayapó, B., Pimentel, T.P.,
Magnusson, W.E., 2014. Anthropogenic landscape in southeastern Amazonia: con-
temporary impacts of low-intensity harvesting and dispersal of Brazil nuts by the
Kayapó indigenous people. PLoS ONE 9, e102187. https://doi.org/10.1371/journal.
pone.0102187.
Rockwell, C.A., Guariguata, M.R., Menton, M., Arroyo Quispe, E., Quaedvlieg, J., Warren-
Thomas, E., Fernandez Silva, H., Jurado Rojas, E.E., Kohagura Arrunátegui, J.A.H.,
Meza Vega, L.A., Revilla Vera, O., Quenta Hancco, R., Valera Tito, J.F., Villarroel
Panduro, B.T., Yucra Salas, J.J., 2015. Nut production in Bertholletia excelsa across a
logged forest mosaic: Implications for multiple forest use. PLoS ONE 10, 22. https://
doi.org/10.1371/journal.pone.0135464.
RStudio Team, 2016. RStudio: Integrated Development for R.
Schnitzer, S.A., Kuzee, M.E., Bongers, F., 2005. Disentangling above- and below-ground
competition between lianas and trees in a tropical forest. J. Ecol. 93, 1115–1125.
https://doi.org/10.1111/j.1365-2745.2005.01056.x.
Schöngart, J., Gribel, R., Ferreira da Fonseca-Junior, S., Haugaasen, T., 2015. Age and
growth patterns of Brazil Nut trees (Bertholletia excelsa Bonpl.) in Amazonia, Brazil.
Biotropica 47, 550–558. https://doi.org/10.1111/btp.12243.
Scoles, R., Gribel, R., 2011. Population structure of Brazil Nut (Bertholletia excelsa,
Lecythidaceae) stands in two areas with different occupation histories in the Brazilian
Amazon. Hum. Ecol. 39, 455–464. https://doi.org/10.1007/s10745-011-9412-0.
Sears, R.R., Cronkleton, P., Polo Villanueva, F., Ruiz, M., Pérez-Ojeda Del Arco, M., 2017.
Farm-forestry in the Peruvian Amazon and the feasibility of its regulation through
forest policy reform. For. Policy Econ. 87, 49–58. https://doi.org/10.1016/j.forpol.
2017.11.004.
Soriano, M., Mohren, F., Ascarrunz, N., Dressler, W., Peña-Claros, M., 2017. Socio-eco-
logical costs of Amazon nut and timber production at community household forests in
the Bolivian Amazon. PLoS ONE 12, 1–25. https://doi.org/10.1371/journal.pone.
0170594.
Staudhammer, C.L., Wadt, L.H.O., Kainer, K.A., 2013. Tradeoffs in basal area growth and
reproduction shift over the lifetime of a long-lived tropical species. Oecologia 173,
45–57. https://doi.org/10.1007/s00442-013-2603-1.
Stoian, D., 2005. Making the best of two worlds: Rural and peri-urban livelihood options
sustained by nontimber forest products from the Bolivian Amazon. World Dev. 33,
1473–1490. https://doi.org/10.1016/J.WORLDDEV.2004.10.009.
Stone-Jovicich, S., Cronkleton, P., Amaral, P., Schmink, M., 2007. Acompanhamento para
o manejo florestal comunitário no projeto Cachoeira, Acre, Amazonia, Brasil. CIFOR,
Bogor Barat, Indosesia.
Strand, J., Soares-Filho, B., Costa, M.H., Oliveira, U., Ribeiro, S.C., Pires, G.F., Oliveira,
A., Rajão, R., May, P., van der Hoff, R., Siikamäki, J., da Motta, R.S., Toman, M.,
2018. Spatially explicit valuation of the Brazilian Amazon Forest’s Ecosystem
Services. Nat. Sustain. 1, 657–664. https://doi.org/10.1038/s41893-018-0175-0.
Tonini, H., Pedrozo, C.Â., 2014. Variações anuais na produção de frutos e sementes de
castanheira-do-brasil (Bertholletia excelsa Bonpl., Lecythidaceae) em florestas na-
tivas de Roraima. Árvore 38, 133–144.
Viana, V.M., Mello, R.A., Moraes, L.M., Mendes, N.T., 1998. Ecologia e manejo de po-
pulacoes de castanha-do-Pará em reservas extrativistas Xapuri, Estado do Acre. In:
Gascon, C., Mountinho, P. (Eds.), Floresta Amazonica: dinamica, regeneracao e
manejo. INPA, Manaus, Amazonia, Brazil, pp. 277–292.
E.S. Bongiolo, et al. Forest Ecology and Management 464 (2020) 118019
11
Vieira, S., Trumbore, S., Camargo, P.B., Selhorst, D., Chambers, J.Q., Higuchi, N.,
Martinelli, L.A., 2005. Slow growth rates of Amazonian trees: Consequences for
carbon cycling. PNAS 102, 18502–18507. https://doi.org/10.1073/pnas.
0505966102.
Wadt, L.H.O., Kainer, K.A., 2012. Domestication and breeding of the Brazil Nut tree. In:
Borém, A., Lopes, M.T.G., Clement, C.R., Noda, H. (Eds.), Domestication and breeding
—Amazonian species. Editora da Universidade Federal de Viçosa, Viçosa, Minas
Gerais, Brazil, pp. 297–317.
Wadt, L.H.O., Kainer, K.A., Gomes-Silva, D.A.P., 2005. Population structure and nut yield
of a Bertholletia excelsa stand in Southwestern Amazonia. For. Ecol. Manage. 211,
371–384. https://doi.org/10.1016/j.foreco.2005.02.061.
Wadt, L.H.O., Kainer, K.A., Staudhammer, C.L., Serrano, R.O.P., 2008. Sustainable forest
use in Brazilian extractive reserves: natural regeneration of Brazil nut in exploited
populations. Biol. Conserv. 141, 332–346. https://doi.org/10.1016/j.biocon.2007.
10.007.
Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis.
Zuidema, P. a, 2003. Ecology and management of the Brazil nut tree (Bertholletia ex-
celsa), PROMAB Scientific series. PROMAB, Riberalta, Pando, Boliva.
Zuidema, P.A., Boot, R.G.A., 2002. Demography of the Brazil nut tree (Bertholletia ex-
celsa) in the Bolivian Amazon: impact of seed extraction on recruitment and popu-
lation dynamics. J. Trop. Ecol. 18, 1–31. https://doi.org/10.1017/
S0266467402002018.
E.S. Bongiolo, et al. Forest Ecology and Management 464 (2020) 118019
12
